Abstract Population level data support that consumption of fructose and fructose-based sweeteners has dramatically increased and suggest that high dietary intake of fructose is an important factor in the development of the cardiorenal metabolic syndrome (CRS). The CRS is a constellation of cardiac, kidney and metabolic disorders including insulin resistance, obesity, metabolic dyslipidemia, high blood pressure, and evidence of early cardiac and kidney disease. The consequences of fructose metabolism may result in intracellular ATP depletion, increased uric acid production, oxidative stress, inflammation, and increased lipogenesis, which are associated with endothelial dysfunction. Endothelial dysfunction is an early manifestation of vascular disease and a driver for the development of CRS. A better understanding of fructose overconsumption in the development of CRS may provide new insights into pathogenesis and future therapeutic strategies.
Introduction
Fructose is a monosaccharide that is widely available in natural food sources such as fruits and honey. Fructose is widely consumed as sucrose and high fructose corn syrup, which represents up to 10 % of total energy intake in the US and several European countries [1] . Population level data support that intake of fructose has significantly increased over the past three decades. In the US, yearly per capita caloric sweetener consumption has risen approximately 20 % since 1970 [2] . The largest source of added sugar in the western diet is sweetened beverages, which account for more than 10 % of energy intake [3] . Increased total fructose consumption has been implicated in the obesity epidemic [4] and contributes to the rising frequency of cardiorenal metabolic syndrome (CRS)-associated insulin resistance, type 2 diabetes mellitus, and hypertension ( Fig. 1) [5, 6] . Recent data from the third National Health and Nutrition Examination Survey (NHANES) indicate that consumption of sugar-sweetened beverages is significantly associated with plasma uric acid (UA) concentrations [7] . UA is associated with endothelial dysfunction, which is aggravated by increased oxidative stress and inflammation [6] . Endothelial dysfunction is a manifestation of CRS, and is a maladapted endothelial phenotype characterized by reduced nitric oxide (NO) bioavailability, increased oxidative stress, elevated expression of proinflammatory and pro-thrombotic factors, and reduced endothelial-derived vasodilation [8] . However, the molecular mechanisms of fructose and UA on endothelial cell (EC) dysfunction and subsequently CRS are not completely understood. The objectives of this review are to provide a better understanding of the interaction between fructose overconsumption, hyperuricemia, and endothelial dysfunction in the development of CRS.
Fructose and Uric Acid Metabolism
Our western diet includes added fructose that leads to typical daily consumption of 85-100 grams of fructose per day [6] . Fructose is readily absorbed and rapidly metabolized by the human liver through the glucose transporters (GLUT) 2 and 5 [9] . Most fructose is metabolized by fructokinase, which phosphorylates fructose to fructose 1-phosphate. Fructose 1-phosphate is subsequently cleaved by aldolase B to yield dihydroxyacetone phosphate (DHAP) and glyceraldehyde. DHAP can be isomerized into glyceraldehyde 3-phosphate and subsequently proceeds to the glycolytic pathway into acetyl-coenzyme A, which is either oxidized in the tricarboxylic acid cycle or committed towards fatty acid synthesis [10] .
The trioses can also contribute to lipid synthesis by forming glycerol 3-phosphate, which serves as the backbone for triglyceride [11] . Unlike glucose, whose phosphorylation is tightly regulated so that adenosine triphosphate (ATP) levels are never depleted, the phosphorylation of fructose results in a decrease in intracellular phosphate and ATP depletion, resulting in transient inhibition of protein synthesis [12] . As a result, continued fructose metabolism results in intracellular phosphate depletion, activation of adenosine monophosphate (AMP) deaminase, increasing inosine monophosphate (IMP) that is further degraded to xanthine and hypoxanthine by xanthine oxidase and ultimately generates UA [13] .
Fructose in the Development of CRS
The increase in fructose consumption has paralleled the rise in obesity from 13 % to 34 % since 1960, and the rise in diagnosed type 2 diabetes from 5 % to 8 % since 1988 [14] . In children, intake of artificially sweetened beverages was found to be positively associated with adiposity [15] . A prospective cohort analysis of non-diabetic women in the Nurses' Fig. 1 Proposed roles of fructose and uric acid in the development of endothelial cell dysfunction and CRS. Fructose intake increases uric acid production, oxidative stress, inflammation, and de novo lipogenesis, subsequently results in endothelial cell dysfunction, whereas endothelial dysfunction further aggravates fructose-induced and uric acid-induced CRS. Abbreviations: RAS renin-angiotensin-aldosterone system; ROS reactive oxygen species; IL interleukin; TNF tumor necrosis factor; NO nitric oxide; ONOO Health Study II concluded that a higher consumption of sugarsweetened beverages is associated with a greater magnitude of weight gain and an increased risk for the development of type 2 diabetes [15] . In the Framingham Heart Study, the relationship between soft drink consumption and cardiovascular risk was evaluated in 6,039 participants; consumption of more than one can of soft drink per day was significantly associated with the prevalence of the metabolic syndrome [7] . Thus, fructose has been implicated in promoting obesity and the CRS by altering appetite, inducing leptin resistance, and resulting in increased food intake [16••] .
The CRS consists of a constellation of cardiac, kidney, and metabolic disorders including elevated serum triglycerides (TG), small low-density lipoprotein (LDL) particles, low high-density lipoprotein (HDL) cholesterol, central obesity, insulin resistance, glucose intolerance, and elevated blood pressure, and is associated with an increased risk of type 2 diabetes and coronary heart disease ( Fig. 1) [17•] . In this context, fructose cannot be directly absorbed into the bloodstream like glucose. A large fraction of ingested fructose is converted to glucose and then released into the blood through the liver [18] . When ingested, excess fructose enhances glycogen storage either directly from glucose or through gluconeogenesis. First, fructose is converted to DHAP and glyceraldehyde by fructokinase and aldolase B. The resultant glyceraldehyde then undergoes phosphorylation to glyceraldehyde-3-phosphate. The increased concentrations of DHAP and glyceraldehyde-3-phosphate in the liver drive the gluconeogenic pathway toward glucose-6-phosphate, glucose-1-phosphate and glycogen formation [19] . It appears that fructose is a better substrate for glycogen synthesis than glucose and that glycogen replenishment takes precedence over triglyceride formation.
It has been recognized that a diet high in fructose increases plasma TG in healthy volunteers and in patients with insulin resistance or type 2 diabetes [7] . De novo lipogenesis (DNL), an important feature of the state of high energy charge and high carbohydrate, is higher in subjects consuming fructose compared to those consuming glucose, suggesting that both increased very low density lipoprotein (VLDL) secretion and decreased TG clearance contributed to the effects of fructose to increase postprandial triglycerides [20] . Increased hepatic lipids are associated with decreased apoB degradation and increased VLDL synthesis and secretion, specifically TGrich VLDL1. Increased secretion of VLDL1, reduced postheparin lipoprotein lipase (LPL) activation by insulin, and competition for LPL-mediated TG hydrolysis by chylomicrons all contribute to a longer VLDL residence time, allowing for augmented lipoprotein remodeling [20] . Thus, lipid synthesis enhanced by excess fructose contributes to dyslipidemia, ectopic lipid deposition in liver and muscle tissue, and promotes hepatic and whole body insulin resistance [21••] . Fructose may alter the activity of pyruvate dehydrogenase (PDH) by inhibiting PDH kinase (PDK), the mechanisms by which fructose promotes lipogenesis [10] . Meanwhile, an increase of the hepatic lipogenesis may also induce insulin resistance, possibly through increased intrahepatic levels of diacylglycerol, which activates protein kinase C (PKC), since activated PKC may decrease insulin sensitivity, increase hepatic glucose production, increase fasting glucose, and impair glucose tolerance [22] . Thus, fructose induced-gluconeogenesis and lipogenesis play important roles in the development of CRS.
UA as Amplifying Fructose Effects on CRS
High fructose consumption is associated with CRS through an effect on UA production. There is increasing evidence that intracellular ATP depletion and UA generation may have important roles in the ability of fructose to induce CRS features such as increases in the body mass index (BMI), waist circumference, and dyslipidemia [23] . Since UA has the ability to prevent peroxynitrite-induced protein nitrosolyation, lipid and protein peroxidation, and inactivation of tetrahydrobiopterin, elevated plasma UA concentration has been considered as a beneficial phenomenon that assumes a compensatory role in response to increased oxidative stress in conditions such as cardiovascular disease [24] . Although UA appears to possess anti-oxidant activity in the extracellular environment [24] , it has detrimental effects once it enters cells including ECs, vascular smooth muscle cells (VSMCs), and adipocytes. The injurious impact of UA includes an inhibitory effect on NO production, induction of platelet aggregation, and pro-inflammatory activity [25] .
UA may promote insulin resistance by inhibiting endothelial function because insulin depends on NO for stimulation of glucose uptake through NO-induced vasodilatation in skeletal muscle. Consequently, UA reduces glucose uptake in skeletal muscle [26] . Therefore, excess UA reduces NO bioavailability and hyperuricemia plays an important role in the development or worsening of insulin resistance [27] . Asymptomatic hyperuricemia in humans is also associated with endothelial dysfunction; lowering UA with allopurinol improves endothelial function. In this regard, allopurinol improves a number of features of CRS in fructose-fed rats, including hypertension, hypertriglyceridemia, hyperinsulinemia, insulin resistance, and renal microvascular disease [28] . Previous evidence also associates increased serum UA concentrations with elevated visceral adipose tissue mass. One possible explanation for this finding is that increased free fatty acid flux to the liver, as seen in visceral obesity, not only increases triglyceride-rich VLDL production, but also stimulates UA synthesis [29] . Indeed, adipocytes may produce over 50 active substances such as monocyte chemotactic protein-1 (MCP-1), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), C-reactive protein (CRP), and angiotensin II (Ang II), all of which are released into circulation and are involved in the regulation of energy balance, lipid metabolism, insulin sensitivity, immune response, angiogenesis, vascular function, arterial blood pressure, coagulation and acute inflammation [30] . For example, MCP-1 has a key role in the macrophage infiltration in the adipose tissue of obesity and development of insulin resistance. The ability of UA to induce MCP-1 expression was first demonstrated in rat VSMCs, and the effect of UA was mediated by mitogen-activated protein kinases (MAPK) and nuclear factor-κB in a redox-dependent manner [31] . Furthermore, it has been shown that UA may stimulate the innate immune response through CD8+ T lymphocytes. It is well recognized that the immune response plays a role in the development of cardiovascular and kidney disease [32] . Thus, UA promotes inflammation in the development of CRS.
During the last decade, studies have also supported a link between fructose, UA, and hypertension. Fructose uptake has also been associated with elevated blood pressure in both adolescents and adults with no previous history of hypertension [9] . It has been speculated that the increase in blood pressure is secondary to the development of insulin resistance and hyperinsulinemia since both fructose and UA may induce endothelial dysfunction, sympathetic activation, and kidney injury [33] . Hyperuricemia following excess fructose intake may raise systemic blood pressure by increasing inflammation, activating the renin-angiotensin system, and decreasing NO production contributing to renal vasoconstriction, and thus resulting in hypertension [9] . However, the importance of a link among fructose, elevations in UA, and cardiovascular events in the general population still remains to be clarified.
Fructose and UA Initiate EC Injury
The arterial endothelium provides a continuous barrier between the elements of blood and the arterial wall, and is a critical component to vascular homeostasis, actively responding to biochemical and physical stimuli through the release of a diverse set of vasoactive substances [34••] . Dysfunction of the endothelium as in the CRS can be regarded as a pivotal event in the initiation of the EC function process. LDL particles produced from fructose in blood plasma invade the endothelium and become oxidized, creating risk for a subsequent inflammatory response and ultimately cardiovascular disease. Monocytes enter the artery wall from the bloodstream with platelets adhering to the area of insult, differentiate into macrophages, and eventually form foam cells. Foam cells die and further propagate the inflammatory process [35] . Under conditions of fructose intake and fatty acid over-nutrition, nutrient overflow into cells prompts electrons transferring to oxygen without ATP production, and further favors a state of increased reactive oxygen species (ROS), which potentially leads to oxidative damage within mitochondria [36] . Meanwhile, UA is catalyzed from the oxidation of hypoxanthine to xanthine by xanthine oxidase (XO), which produces ROS [32] . Eventually, the excessive ROS generation is known to impair endothelial nitric oxide synthase (eNOS) activity and NO production, affecting endothelium-dependent vasodilation [37•] . Therefore, the presence of ROS and consecutive disorders of the mitochondrial respiratory chain are believed to contribute to endothelial dysfunction and subsequent development of atherosclerosis and cardiovascular disease in CRS (Fig. 1) .
ROS production may induce a chronic inflammatory reaction of the endothelium in cardiovascular disease. Indeed, increased inflammatory activation has also been linked to vascular complications in CRS. Data from one cohort study support the association between endothelial biomarkers of soluble endothelial selectin, thrombomodulin, intercellular adhesion molecules 1, von willebrand factor, inflammation CRP, serum amyloid A, IL-6, IL-8, TNF-α, and soluble intercellular adhesion molecule 1 (ICAM-1), all of which have been associated with cardiovascular events. This study elucidated biomarkers of endothelial dysfunction and association of inflammation cytokines with cardiovascular disease [38] . Recently, it has been recognized that the adaptive immune system is important in the genesis of endothelia injury. Specifically, a population of immune cells, vascular T lymphocytes, has been identified in the artery walls. Activated T cells can be sub-typed according to their cytokine profile. T helper (Th)1 cells secrete IL-2, TNF-ß, and IFN-γ, whereas Th2 cells typically produce IL-4, -5, -6, and -10 [39] . Increased Th secretion of cytokines, chemokines, growth factors, and hydrolytic enzymes leads to an inflammatory process. However, CD4
+ regulatory T cells (Tregs) can protect the pro-inflammatory activation of vascular cells. Several mechanisms of Treg-mediated inflammatory suppression have been proposed, including secretion by the Tregs of immunosuppressive cytokines, cell contact-dependent suppression, and functional modification or killing of activated protein C [40] .
Endothelial Dysfunction Aggravates Fructose-Induced and UA-Induced CRS Insulin resistance and resulting hyperinsulinemia are frequently present in type 2 diabetes, obesity, hypertension, and dyslipidemias [41] . Mitochondria dysfunction, accumulation of lipid metabolite, and increased ROS induced by fructose and UA in ECs cause activation of serine/threonine kinases, including IκB kinase (IKKβ), c-Jun N-terminal kinase (JNK), and PKCs, all of which increase serine phosphorylation of IRS proteins and contribute to insulin resistance. Increased serine phosphorylation of insulin receptor substrate (IRS) protein leads to decreased activity of insulin downstream signaling pathways, including phosphatidylinositide 3-kinases (PI3K), protein kinase B (Akt), and PKC, and culminates in decreased glucose uptake, increased glucose production, and reduced vasodilation and insulin secretion [42] . Our recent studies have explored the signaling pathways by which enhanced tissue renin angiotensin system contributes to insulin resistance in ECs. To this point, Ang II increased serine phosphorylation of IRS-1 and inhibited the insulin-stimulated phosphorylation of eNOS through activation of S6 kinase (S6K) signaling pathway. An inhibitor of rapamycin (mTOR) attenuated the Ang II-stimulated phosphorylation of p70S6K and IRS-1, and blocked the ability of Ang II to impair insulinstimulated phosphorylation of eNOS and NO dependentarteriole vasodilation. From these results, we conclude that activation of mTOR/p70S6K by Ang II in vascular endothelium may contribute to the impairment of insulin-stimulated vasodilation through phosphorylation of IRS-1 [43•] . These observations suggest that improving endothelial function might be a beneficial therapeutic in fructose-induced and UA-induced CRS.
Insulin metabolic signaling is an important contributor to normal vascular function and homeostasis. In this regard, insulin stimulates production of the vasodilator NO via activation of IRS-1/ PI3K signaling in ECs. In contrast, insulin stimulates production of the vasoconstrictor endothelin-1 (ET-1) via a MAPK-dependent signaling pathway [44] . Typically, endothelial insulin resistance is accompanied by reduced PI3K-NO pathway and heightened MAPK-ET-1 pathway. Indeed, vascular homeostasis is tightly controlled by EC secreting the vasodilatory substances, such as NO, endotheliumderived hyperpolarizing factor (EDHF), and prostacyclin (PGI 2 ), and vasoconstrictory substances, such as ET-1, Ang II, and thromboxane A2 (TxA2) [45] . These EC secreting vasoactivity substances have been proposed to mediate the link between insulin resistance or hyperinsulinemia and hypertension in the fructose-fed animal models, including continued activation of the sympathetic nervous system, increased production and activity of vasoconstrictors, such as ET-1, Ang II and TxA2, and impaired endothelium-dependent relaxation [46•] . Thus, endothelial dysfunction has been suggested as a common underlying mechanism that links insulin resistance, hyperinsulinemia, and hypertension.
Recently, our investigative group reported that there is a gender difference in mitochondrial function and that this difference contributes to development of the CRS in mice fed a western diet high in fructose [47•] . Indeed, sex differences influence the progression of insulin resistance and hypertension [46•] . A study has shown that female rats are protected against fructose-induced changes in metabolism and blood pressure until removal of estrogen by ovariectomy [48] . In contrast, gonadectomized male rats fed a high fructose diet did not develop hypertension, suggesting that testosterone may act as a causal link between insulin resistance/ hyperinsulinemia and hypertension, and it is the absence of testosterone that prevented the development of fructoseinduced hypertension [49] . In general, physiological concentrations of estrogen have beneficial effects on lipoproteins, insulin, and glucose metabolism [50] . Estrogen can improve insulin action in the liver, muscle, and adipose tissue by increasing glycogen deposition, glucose uptake, and lipogenesis [51] . Estrogen plays an important role in the regulation of vascular tone and pathophysiology of cardiovascular disease through estrogen receptor α and β, which are both expressed in ECs [52] . Estrogen may promote endothelium-dependent vasodilation by increasing the releases of NO, PGI 2 , and EDHF. In comparison, estrogen decreases the release of ET-1 and Ang II, which are potent vasoconstrictors and procoagulants [53] . Furthermore, estrogen can decrease sympathetic activity, circulating levels of norepinephrine and blood pressure [54] . The mechanisms in estrogen-induced eNOS activation and NO expression on ECs, that estrogen activates PI3K/Akt pathways, leads to phosphorylation and activation of eNOS and increases NO production [55] . Estrogen also increases eNOS activity by causing rapid estrogen receptor-dependent activation of MAPK [56] . Thus, estrogen plays important roles in insulin and glucose metabolism of CRS through maintaining EC physiological function.
Conclusions
Based on the present knowledge of fructose and its detrimental metabolic effects, it is clear that fructose is responsible for dyslipidemia, elevated blood pressure, high plasma glucose, prothrombotic disorder, pro-inflammatory state, and associated cardiac and renal disease (Fig. 1) . However, many of these alterations in humans are observed when fructose is experimentally administered in amounts largely exceeding the usual fructose intake with hypercaloric conditions. Future studies should explore the dose threshold of fructose on the CRS. Indeed, currently there are no common opinions to support that low or moderate intake of fructose is unsafe, since fructose consumption in everyday life cannot be blamed as the only culprit for all metabolic disorders. Clearly, there is a need for clinical trials with variable amounts of fructose intake to determine the effects on metabolic outcomes, rather than depending on meta-analyses of existing studies of mixed design and duration. A number of therapeutic agents that decrease the effect of high fructose diets on diabetes and insulin resistance include statins, metformin, and angiotensin-converting-enzyme inhibitor. Recently, estrogens are suggested to protect against development of the CRS and the prevalence of obesity, insulin resistance, and type 2 diabetes increases in post-menopausal woman. Overall, further studies are warranted to help correct unhealthy dietary habits and develop new therapeutic approaches for metabolic disorders and the associated cardiovascular complications.
